INTRODUCTION
Isoprenoids are the most abundant and diverse class of compounds produced by plants with 97 a wide variety of biological functions (Dudareva et al., 2013) . They are produced through combining encodes a Santalene and Bergamotene Synthase (SBS) that uses Z,Z-FPP as a substrate to produce 138 plastid-derived sesquiterpenes (Sallaud et al., 2009; Matsuba et al., 2013) . Both zFPS and SBS 139 contain putative chloroplast targeting sequences allowing the biosynthesis of the sesquiterpenes in 140 this organelle. 141 The zFPS and SBS genes are specifically expressed in type-VI glandular trichomes (Sallaud 142 et al., 2009 ) that harbor chloroplasts and are present on several tomato wild-relatives (Kang et al., 143 2010; Glas et al., 2012; Balcke et al., 2017) . In cultivated tomato, type-VI trichomes contain a single 144 basal cell connected to a short (∼0.1 mm) unicellular stalk which is connected by an intermediate cell 145 to the four-celled glandular head containing chloroplasts and other organelles (Bergau et al., 2015) . 146 In S. habrochaites, the stalk is longer (∼0.2 mm) and the trichome has a round glandular head instead 147 of visible 4 distinct cells (Besser et al., 2009). 148 In general, cultivated tomatoes are highly vulnerable to several arthropod pests, which 149 include whiteflies, spider mites, and thrips. In addition, some pest, such as whiteflies can spread 150 viruses (Moodley et al., 2019) . Under heavy infestation, these pests can cause a reduction of plant 151 vigor and yield which can lead to huge losses in productivity (Wakil et al., 2018) . Consequently, to 152 minimize the damage caused by pests, high amounts of pesticides have been applied in agri-and 153 horticulture (Silva et al., 2011) . In this sense, an alternative to chemical pest control could be the use 154 of commercial tomatoes carrying favorable genetic factors from tomato wild species. Herein, we 155 investigated whether the introduction of the genetic pathway for plastid-derived sesquiterpenes from 156 a wild species into cultivated tomato could increase resistance to arthropod tomato pests. We show 157 that the Sst2 gene cluster that controls santalene and bergamotene production in S. habrochaites 158 LA1777 can be effectively transferred to cultivated tomato (cv. Micro-Tom) and function in its type-159 VI trichomes. Tomato type-VI trichomes that accumulated high levels of plastid-derived 160 sesquiterpenes also increased the size of the internal gland cavity, providing a better understanding 161 of differential trichome morphology. We further demonstrated that, the high production of "wild 162 tomato sesquiterpenes" was not sufficient to confer resistance to tomato-pests. Apparently genetic 163 factors outside the metabolic cluster on chromosome 8 are required for the production of the anti-164 insect compounds in S. habrochaites. 
RESULTS

167
Introgression of SsT2 gene cluster from S. habrochaites LA1777 into S. lycopersicum cv. 169 In order to introduce the plastid-derived sesquiterpene pathway into the Micro-Tom (MT) 170 cultivar, we crossed S. habrochaites LA1777 with a MT line harbouring the lutescent 1 mutation (MT-l1) and used it as a recurrent parent ( Fig.1A ). Both the lutescent 1 mutation and the SsT2 locus 172 map at the short arm of the chromosome 8 (Tanksley et al., 1992; Sallaud et al., 2009) . The lutescent 173 1 phenotype comprises a premature and progressive yellowing of the leaves due to impaired 174 chlorophyll accumulation (starting from the base of the plant) ( Fig S1 A and B ), a lack of chlorophyll 175 accumulation in the pistils (Fig S1 C) and whitish-yellow fruits (Barry et al., 2012) . This allowed us 176 to introgress the S. habrochaites SsT2 locus into MT by a relatively easy visual selection of the 177 progeny. In each generation of introgression, we selected for plants not presenting the lutescent 1 178 phenotype, which implies the presence of the equivalent chromosome segment of S. habrochaites 179 containing the SsT2 locus. In the F2 generation, plants not harbouring the lutescent 1 mutation were 180 used for back-crossing (BC) with MT-l1. This procedure was repeated in the BC1 and subsequent 181 generations. After six BC generations and self-pollination (BC6F2) using the visual marker, we 182 employed CAPS markers based on single nucleotide polymorphisms (SNPs) for a genetic screen for 183 homozygous plants harbouring the SsT2 locus from the wild species. In the BC6F3 generation and 184 generations thereafter (BC6Fn), the obtained plants were considered a near isogenic line (NIL), no 185 longer segregating for the presence of the wild sesquiterpenes pathway and other traits. The NIL was 186 named MT-Sesquiterpene synthase 2 (MT-Sst2).
168
Micro-Tom (MT)
187
We employed CAPS markers to determine the size of the fragment introgressed into the 193 habrochaites LA1777 that were able to produce plastid-derived sesquiterpenes (Hoeven van der et 194 al., 2000) . 195 Additionally, we analysed the relative transcript levels of zFPS and SBS by quantitative PCR in trichomes of MT-Sst2 and S. habrochaites LA1777. Both genes were indeed expressed in 197 MT-SsT2 but transcripts levels were significantly lower in MT-Sst2 compared to the wild parent ( Fig.   198 2). but also produced higher amounts of these plastid-derived sesquiterpenes, compared to parental S. 205 habrochaites LA1777 (Fig. 3 ).
199
Production of the sesquiterpenes santalene and bergamotene in the Micro-Tom line harboring
206
As expected, we did not detect the monoterpenes found in the MT parental in the MT-Sst2 207 line ( Fig. 3 , (peaks 1, 2 and 3), Fig S2) . Since the monoterpenes 2-carene, α-phellandrene and b-208 phellandrene and D-limonene are produced by enzymes encoded by SlTPS20 genes on tomato 209 chromosome 8, it was predicted that these monoterpenes on homozygous MT-Sst2 plants would be 210 replaced by the sesquiterpenes produced by enzymes encoded by the wild species alleles on the same 211 chromosomal region. Indeed, the MT-Sst2 line produced the plastid-derived sesquiterpenes (α-212 bergamotene, α-santalene, exo-α-bergamotene, epi-b-santalene, and endo-b-bergamotene), also 213 present in S. habrochaites LA1777 ( Fig. 3A and B ). Although we found high levels of plastid-derived 214 sesquiterpenes in the MT-Sst2 line, we did not detect any carboxylic acid derivatives from santalene 215 or bergamotene, as in the wild species ( In order to investigate how the allelic dosage at the SsT2 locus affects the levels of mono 223 and sesquiterpenes in type-VI trichomes, we selected homozygous sst2/sst2 and Sst2/Sst2, and 224 heterozygous sst2/Sst2 MT plants. The molecular markers used for selection were designed based 225 on polymorphisms found in the genomic sequence of cultivated tomato and LA1777 (Table S1 ).
226
Note that there is no complete synteny between the SsT2 locus of S. lycopersicum, and S. 227 habrochaites. Hence, at this locus, S. lycopersicum contains the functional genes 228 TPS18, TPS19, TPS20, TPS21, TPS41 and SlNDPS1, whereas S. habrochaites contains the 229 functional genes TPS18, TPS20, TPS45 (SBS) and zFPS (Matsuba et al., 2013) . Thus, the sst2/Sst2 230 plants can be better considered hemizygous for both set of genes from each parental.
231
The amount of the monoterpenes did not differ significantly between homozygous sst2/sst2 232 and hemizygous sst2/Sst2 plants. As predicted, monoterpenes were absent in homozygous Sst2/Sst2 233 plants ( Fig.4 ) since SlNDPS1 and SlTPS20 are not present in Sst2/Sst2 plants. On the other hand, 234 there was no significant effect of gene dosage for SlNDPS1 when comparing monoterpene content 235 of homozygous sst2/sst2 and hemizygous sst2/Sst2 plants. Regarding the concentration of 236 cytosolic-derived sesquiterpenes β-caryophyllene and α-humulene, the hemizygous sst2/Sst2 plants did not differ significantly from homozygous sst2/sst2 plants, while the homozygous Sst2/Sst2 did, 238 produced higher amounts of these compounds, especially α-humulene ( Fig.4 ).
239
The concentrations of all plastid-derived sesquiterpenes α-bergamotene, α-santalene, exo-α-240 bergamotene, epi-b-santalene, and endo-b-bergamotene were higher in the homozygous Sst2/Sst2 241 type-VI trichomes when compared to the trichomes of hemizygous sst2/Sst2 plants, indicating that 242 these compounds are under the effect of gene dosage.
243
Trichome abundance, morphology and gene expression in the Micro-Tom line harboring the S. 244 habrochaites genes in the SsT2 locus 245 We next verified if the locus substitution caused changes in abundance of different trichome 246 types and the morphology of type-VI trichomes in adult leaves of the MT-Sst2 line. The densities of 247 type-VI trichomes were not altered in MT-Sst2 compared to MT for both adaxial or abaxial leaf 248 surfaces ( Fig. 5A and 5B ). The wild species showed significantly higher numbers of type-VI trichome 249 on the adaxial and fewer numbers on the abaxial leaf surface (Fig. 5B) . 250 We also observed that S. habrochaites LA1777 has a high density of type-IV trichomes ( Fig.   251 5B). Type-IV trichomes were previously associated with increased production of acylsugars 252 providing resistance to insect pests in wild species (Simmons and Gurr, 2005) . Type-IV trichome are 253 however absent on adult leaves of MT and MT-Sst2, indicating that the introgressed segment on 254 chromosome 8 from S. habrochaites LA1777 is not involved in controlling the presence of this type 255 of trichomes. Type-V is the most abundant non-glandular trichome found on MT and MT-Sst2. 256 Interestingly, we found an increased number of (non-glandular) type-V trichomes on both leaf 257 surfaces in MT-Sst2. Approximately 2-fold more type-V trichomes were observed on the adaxial leaf 258 surface of MT-Sst2 compared with MT background (Fig. 5B ).
259
The majority of glandular trichomes found in MT and MT-Sst2 was type-VI. We next 260 analysed the gland and internal cavity size of the type-VI glandular trichomes ( Fig. 5A and C) . There 261 is no significant difference between the MT and MT-Sst2 gland size. However, the size of the internal 262 cavity is increased in MT-Sst2 compared to MT. The introgression line also appears to exhibit a 263 (subtle but significant) increase in stalk length compared to MT, but still the stalk is much shorter 264 than that of type-VI trichomes found in LA1777 ( Fig. 5A and C) . In order to verify if the increase in plastid-derived sesquiterpenes in type-VI trichomes of 268 MT-Sst2 would result in improved resistance to herbivores, we conducted no-choice bioassays using 269 four relevant pests in tomato. In the whitefly bioassay, survival of whiteflies did not differ between 270 MT-Sst2 and MT plants, while the LA1777 displayed a high reduction in the survival of this pest.
271
Almost 80% of the whiteflies survived on MT-Sst2, whereas less than 40% survived on the wild 272 tomato species (Fig. 6A ).
273
Next, bioassays using the defense-suppressing spider mite Tetranychus evansi and the 274 defense-inducing spider mite Tetranychus urticae were performed. Both MT and MT-Sst2 showed 275 100% of both spider mites species surviving, while on S. habrochaites LA1777 only approximately 276 20% of T. evansi and 40% of T. urticae survived after 2 days (Fig. 6B) . Oviposition rates of both 277 spider mite species were equal on MT-Sst2 and MT leaf disc, as they were strongly reduced in the 278 wild species (Fig. 6C) .
279
Finally, we conducted a bioassay with the western flower thrips (Frankliniella occidentalis) 280 comparing adult survival on MT, MT-Sst2 and the wild species. Again, there were no significant 281 differences in survival or egg hatching observed as a result of the Sst2 introgression ( Fig. 6D and E) .
282
Female thrips were still able to oviposit in both genotypes and the larvae hatched from the eggs 283 reaching the larval stage. Conversely, significant reductions in the number of surviving adults and 284 the number of emerged larvae were observed for the wild species.
285
DISCUSSION
286
Solanum habrochaites plastid-derived sesquiterpene synthesis can be transferred to type-VI 287 trichomes of cultivated tomato. 288 We successfully introgressed the SsT2 gene cluster responsible for the biosynthesis of 289 plastid-derived sesquiterpene pathway from S. habrochaites LA1777 into the genetic model system 290 cv. Micro-Tom (MT) ( Fig 1A) . The genes transferred were expressed into the tomato type-VI 291 trichomes ( Fig. 2) and resulted in the production of high levels of plastid-derived sesquiterpenes (Fig.   292 3C).
293
The allelic dosage influenced the plastid-derived sesquiterpenes levels produced in type-VI 294 trichomes. The levels of all plastid-derived sesquiterpenes were higher in the homozygous Sst2/Sst2 295 plants than the hemizygous sst2/Sst2 (Fig.4) . This can be explained by the presence of just one copy 296 of both zFPS and SBS alleles in hemizygous sst2/Sst2 plants. It can also be the result of the presence 297 of both SlNDPS1 and zFPS in the hemizygous sst2/Sst2 acting in the same compartments (plastids) 298 and competing for a limited amount of IPP and DMAPP in type-VI trichomes (Dudareva et al., 2005; 299 Besser et al., 2009; Schilmiller et al., 2009 ). However, it is unlikely that plastid-derived monoterpene 300 production can limit the substrate for the production of sesquiterpenes in plastids, since the levels of 301 monoterpenes are much lower than the plastid-derived sesquiterpenes (Fig. S2, Fig. 4) (Banerjee et 302 al., 2013) . In addition, due to differences in substrate affinity, zFPS would use the IPP or DMAPP to 303 produce Z,Z-FPP more efficiently than SlNDPS1 uses to produce NPP in the plastids (Sallaud et al., 304 2009; Kang et al., 2014) . 305 Despite the fact that the introgression line MT-Sst2 produced significantly higher levels of 306 santalene and bergamotene in type-VI glands compared to LA1777 (Fig 3) , we did not detect 307 sesquiterpene derivatives in MT-Sst2 as they are present in the wild species (Fig.3A and C) . The 
316
The relative transcript levels of zFPS and SBS were higher in LA1777 compared to the 317 introgressed line (Fig. 2) . Since MT-Sst2 and LA1777 share the same chromosomal segment 318 comprising the SsT2 locus, it was expected that they have the same cis-regulatory elements 319 controlling the expression of the zFPS and SBS genes. The lower expression of these genes in MT-320 Sst2 may suggest the involvement of a set of yet unknown trans-regulatory elements (e.g. 321 transcription factors and other regulatory elements in different chromosomal regions) necessary to 322 increase the expression of the genes present in the SsT2 locus. Therefore, our results point at a role 323 for additional genetic components that have not been introgressed. It has been shown that poor terpene 324 producing genotypes have also drastically reduced transcript levels for key steps in the terpene 325 biosynthesis pathway (Tissier, 2012), suggesting that the transfer of additional components enhancing 326 zFPS and SBS expression could increase the content of sesquiterpenes in MT-Sst2 even further. Up 327 to now, only a few transcription factors were proven to be involved in the regulation of terpene 328 pathways in tomato (Spyropoulou et al., 2014; J., Xu et al., 2018) , though these were not implicated 329 as positive regulators of zFPS or SBS specifically. 330 We also noted that the concentration of the cytosolic-derived sesquiterpene α-humulene was 331 higher in homozygous Sst2/Sst2 plants when compared to homozygous sst2/sst2 and hemizygous 332 sst2/Sst2 plants. The TPS12 responsible for the production of β-caryophyllene and α-humulene is 333 encoded by a gene in the SsT1 locus on chromosome 6, which is clearly outside of the region 334 introgressed. Therefore, the TPS12 in the SsT1 locus is likely to have the same alleles for the three genotypes and it could not be the cause of the high amount of α-humulene in the homozygous 336 Sst2/Sst2 plants. Since α-humulene coelutes with β-bergamotene (Hoeven van der et al., 2000) , we 337 cannot exclude the possibility that the level of α-humulene in MT-Sst2 is overestimated.
338
Introgression of Sst2 appears to affect type-VI trichome morphology 339 The MT-Sst2 line with augmented contents of sesquiterpenes in type-VI trichomes displayed 340 an increased glandular cavity volume ( Fig 5C) . A possible explanation for this is that the boost in the 341 total amount of terpenes could result in a physical pressure in the cavity wall, forcing the internal 342 cavity to inflate like a balloon, as similarly suggested by Ben-Israel et al., (2009) . However, the subtle 343 increase in the internal cavity of MT-Sst2 was not paired with an altered external gland shape. SlMYC1 (Solyc08g005050) is also located on top of chromosome 8, we specifically searched for this 355 transcript factor in our introgressed line. Hence, the presence of the wild ShMYC1 allele inside the 356 region introgressed was confirmed by CAPS marks (Fig 1B and S3) . In general, S. habrochaites 357 species exhibit a longer type-VI trichome stalk compared to cultivated tomatoes (Simmons and Gurr, 358 2005; Bergau et al., 2015) . The biological role for a higher stalk, or a taller trichome in the wild 359 species is not described, but it is tempting to speculate that though the effect is marginal, the altered 360 stalk length could be the result of replacement of SlMYC1 with ShMYC1. 361 Furthermore, MT-Sst2 displayed an increased number of type-V non-glandular trichomes 362 compared to both MT and LA1777 ( Fig 5B) . It was shown earlier that there appears to be a negative 363 correlation between densities of glandular type-IV trichomes and the non-glandular type-V trichomes 364 (Vendemiatti et al., 2017) . The lower density of type-V trichomes in LA1777 could therefore be 365 related to its high density of type-IV trichomes. The adult leaves of MT-Sst2 and MT do not have 366 type-IV glandular trichomes (Fig. 5B ). This lack of type-IV trichomes in cultivated tomato has been 367 linked to the transition from the juvenility to the adult phase (Vendemiatti et al., 2017) . So, the region introgressed in MT-Sst2 is most likely not involved in heterochrony and/or type-IV trichome 369 development, though we cannot discard the possibility that the region introgressed harbors genes 370 controlling the density of type-V trichomes, as we cannot explain the increased type-V density in the 371 introgression line compared to MT.
372
Genetic factors outside the SsT2 metabolic cluster are required to produce sesquiterpene 373 carboxylic acids (SCA) terpenoids and insect resistance 374 Even though MT-Sst2 produced relatively high levels of santalene and bergamotene, 375 compared to S. habrochaites LA1777, this did not confer resistance to any of the herbivores tested 376 here (Fig. 6 ). Herbivore resistance observed in the wild species is therefore likely due to the 377 sesquiterpene carboxylic acids (SCAs) derivatives absent in MT-Sst2. We cannot rule out the 378 contribution of type-IV trichomes-derived acylsugars in LA1777 (Kim et al., 2012) , but it has been 379 shown before that the presence of SCAs in LA1777 modulates larval feeding behavior and survival 380 of two tomato insect pests (Frelichowski and Juvik, 2001) . On the other hand, transgenic S. 381 lycopersicum producing the S. habrochaites sesquiterpene 7-epizingiberene, product of the 382 expression of zFPS and ShZIS, probably an allelic variant of ShSBS, did display a clear toxicity 383 phenotype against spider mites (Bleeker et al., 2012) . Transference of the complete SCA route to 384 MT-Sst2 will answer this question on the contribution of SCA in herbivore resistance.
385
Up to now, little is known about the enzymes catalyzing the formation of SCAs from 386 sesquiterpenes in LA1777. It can be hypothesized that cytochrome P450 enzymes (which often 387 hydroxylate terpenes) play a role. In Santalum album (Santalaceae) santalenes (α-, β-and epi-β-388 santalene) and α-exo-bergamotene are further metabolized into sesquiterpene alcohols α-, β-, and epi-389 β-santalol and α-exo-bergamotol by a CYP76F cytochrome P450 (Diaz-Chavez et al., 2013) . 390 Nevertheless, co-expression of S. album santalene/bergamotene oxidase SaCYP76F39v1 in 391 transgenic tobacco plants did not hydroxylate santalene or bergamotene (Yin and Wong, 2019) . In
392
Tanacetum cinerariifolium (Asteraceae), two oxidation reactions convert trans-chrysanthemol into 393 trans-chrysanthemic acid (H., Xu, Moghe, et al., 2018) . Using tomato transgenic lines, Xu et al. 394 (2018a) also showed that expressing chrysanthemyl diphosphate synthase from Tanacetum 395 cinerariifolium together with two an alcohol dehydrogenase and aldehyde dehydrogenase from the S. 396 habrochaites LA1777 were sufficient for the transgenic fruits to produce trans-chrysanthemic acid.
397
Although the introgressed region in MT-Sst2 contains both an alcohol dehydrogenase 398 (ADH) and P450s from S. habrochaites LA1777, it seems that the genes required for the conversion 399 of the terpenes to derivatization of the sesquiterpenes to their alcohols or carboxylic acids lie outside 400 the metabolic cluster on chromosome 8. Peripheral pathway genes located outside the core metabolic 401 cluster in different chromosomes have been described before for tomato and other species (Nützmann 402 et al., 2016) . The fact that we did not detect any sesquiterpene (intermediate) derivative in indicates that the alcohol dehydrogenases and cytochrome P450s introgressed must have different 404 functions.
405
Altogether, this study demonstrates that the plastid-derived sesquiterpene synthesis from S. 406 habrochaites can be transferred to type-IV trichomes of cultivated tomato. However, additional 407 genetic components from the wild species should be transferred to acquire herbivore resistance in 408 cultivated tomato. The results presented here indicate that at least part of these genetic components 409 is likely to encode: i) enzymes that convert santalene and bergamotene into their carboxylic acids, ii) 410 transcription factors modulating the expression zFPS and SBS and iii) enzymes and possible 411 regulatory genes for cell wall remodeling and enlargement of the internal cavity of the trichome gland.
412
The introgressed line presented here, in the model system Micro-Tom, can provide for rapid 413 introgression and transgenic manipulation of the additional genetic components involved in . S1 (a biological replicates. For each sample, 300 type-VI glandular trichomes were collected with a glass capillary 742
for GC-MS analysis. Bars indicated with an asterisk were significantly different according to t-test (P≤ 0.05). 743 replicates. For each sample, 300 type-VI glandular trichomes were collected with a glass capillary before 759
